Hall effect and magnetoresistance in p-type ferromagnetic semiconductors 
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Recent works aiming at understanding magnetotransport phenomena in ferromagnetic III-V and 
II- VI semiconductors are described. Theory of the anomalous Hall effect in p-type magnetic semi- 
conductors is discussed, and the relative role of side-jump and skew-scattering mechanisms assessed 
for (Ga,Mn)As and (Zn,Mn)Te. It is emphasized that magnetotransport studies of ferromagnetic 
semiconductors in high magnetic fields make it possible to separate the contributions of the ordinary 
and anomalous Hall effects, to evaluate the role of the spins in carrier scattering and localization 
as well as to determine the participation ratio of the ferromagnetic phase near the metal-insulator 
transition. A sizable negative magnetoresistance in the regime of strong magnetic fields is assigned 
to the weak localization effect. 



INTRODUCTION 



The assessment of magnetic characteristics by means 
of magnetotransport studies is of particular importance 
in the case of thin films of diluted magnets, in which 
the magnitude of the total magnetic moment is typically 
small. For this reason, recent years have witnessed a re- 
newed interest in the nature of the anomalous Hall effect 
(AHE) [10,11,1113, which-if understood theoretically- 
can serve to determine the magnitude of magnetization. 
Also magnetoresistance, though less directly, provides in- 
formation on the magnetism and on the interplay be- 
tween electronic and magnetic degrees of freedom. 

In this paper, we discuss selected magnetotransport 
properties of III-V and II- VI magnetic semiconductors 
containing Mn as the magnetic element. In particu- 
lar, we show that the side-jump mechanism accounts 
for the magnitude of the anomalous Hall effect in both 
(Ga,Mn)As and (Zn,Mn)Te samples for which extensive 
experimental data are available. We emphasize, however, 
that the current theory of the effect requires further re- 
finements. We also suggest that weak localization mag- 
netoresistance may contribute to the increase of the hole 
conductivity in the limit of low temperatures T and high 
magnetic fields H. Recent review papers 0,0] summarize 
rather thoroughly principal findings of previous compre- 
hensive studies of these materials, which are not touched 
upon here. 



HALL EFFECT IN FERROMAGNETIC 
SEMICONDUCTORS - THEORETICAL MODELS 

The Hall resistance Ruaii = Pyx I A of a film of the 
thickness d is empirically known to be a sum of ordinary 
and anomalous Hall terms in magnetic materials 

Rnaii = RolioH/d + RsVoM/d. (1) 

Here, Rq and Rs are the ordinary and anomalous Hall 
coefficients, respectively (Rq > for the holes), and 
M(T, H) is the component of the magnetization vector 
perpendicular to the sample surface. While the ordi- 
nary Hall effect serves to determine the carrier density, 
the anomalous Hall effect (known also as the extraordi- 
nary or spin Hall effect) provides valuable information 
on magnetic properties of thin films. The coefficient Rs 
is usually assumed to be proportional to R" heet , where 
Rsheet (T, H) is the sheet resistance and the exponent a 
depends on the mechanisms accounting for the AHE. 

If the demagnetization effect were been dominating, 
Rs would be rather proportional to Rq than to R s h ee t- 
However, there is no demagnetization effect in the mag- 
netic field perpendicular to the film surface, B = fi H. 
Here, spin-orbit interactions control totally Rs- In such 
a situation a is either 1 or 2 depending on the origin 
of the effect: the skew-scattering mechanism, for which 
the Hall conductivity is proportional to momentum re- 
laxation time t, results in a sa i H E3, El E2 

From the theory point of view particularly interesting 
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is the side-jump mechanism. This is because in both 
weak and strong scattering limit, u>t 3> 1 and wr C 1, 
where u) is the frequency of the electric field, the cor- 
responding Hall conductivity a ah = RsM/(R sheet d) 2 ] 
does not depend explicitly on scattering efficiency but 
only on the band structure parameters [H, El 0] ■ Sur- 
prisingly, ctah{wt 3> 1) = —<jah(ut <C 1) according to 
these works. 

For both skew-scattering and side-jump mechanisms, 
the overall magnitude of the anomalous Hall resistance 
depends on the strength of the spin-orbit interaction and 
spin polarization of the carriers at the Fermi surface. 
Accordingly, at given magnetization M , the effect is ex- 
pected to be much stronger for the holes than for the elec- 
trons in tetrahedrally coordinated semiconductors. For 
the carrier-mediated ferromagnetism, the latter is pro- 
portional to the exchange coupling of the carriers to the 
spins, and varies - not necessarily linearly - with the 
magnitude of spin magnetization Al. Additionally, the 
skew-scattering contribution depends on the asymmetry 
of scattering rates for particular spin subbands, an effect 
which can depend on M in a highly nontrivial way. Im- 
portantly, the sign of either of the two contributions can 
be positive or negative depending on a subtle interplay 
between the orientations of orbital and spin momenta 
as well as on the character (repulsive vs. attractive) of 
scattering potentials. 

We presume that general theory of the AHE effect in 
semiconductors El gives correctly the ratio of side- 
jump and skew-scattering mechanisms, also in the case 
of p-type semiconductors. If scattering by ionized impu- 
rities dominates, this ratio is then given by [lCt 
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where the positive sign corresponds to the weak scat- 
tering limit. Here, /(£) w 10 is a function that de- 
pends weakly on the screening dimensionless parameter 
£; (Na + Nd)/p is the ratio of the ionized impurity and 
carrier concentrations; r s is the average distance between 
the carriers in the units of the effective Bohr radius, and 
£ is the mean free path. Similarly, for spin-independent 
scattering by short range potentials, V(r) = VS(r — r.;) 
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where the negative sign corresponds to the weak scatter- 
ing limit and p(e F ) is the density of states at the Fermi 
level. Of course, the overall sign depends on the sign of 
the scattering potential V. 

In order to find out which of the two AHE mechanisms 
operates predominantly in p-type tetrahedrally coordi- 
nated ferromagnetic semiconductors, we note that scat- 
tering by ionized impurities appears to dominate in these 



heavily doped and compensated materials. This scat- 
tering mechanism, together with alloy and spin disorder 
scattering, limits presumably the hole mobility and leads 
ultimately to the metal-to- insulator transition (MIT). 
Since at the MIT r s « 2 and k F £ ps 1 we expect from 
Eq. 2 that as long as the holes remain close to the local- 
ization boundary the side-jump mechanism accounts for 
the AHE. It would be interesting on know how quantum 
localization corrections affect the anomalous Hall con- 
ductivity as well as how to extend theory towards the 
insulator side of the MIT. A work in this direction has 
recently been reported Q. 

Recently, Jungwirth et al. Q developed a theory of the 
AHE in p-type zinc-blende magnetic semiconductors, and 
presented numerical results for the case of (Ga,Mn)As, 
(In,Mn)As, and (Al,Mn)As. The employed formula for 
a ah corresponds to that given earlier [9j, |llj, [l2( for the 
side-jump mechanism in the weak scattering limit. For 
the hole concentration p such that the Fermi energy is 
much smaller than the spin-orbit splitting A D but larger 
than the exchange splitting h between the majority j z = 
—3/2 and minority j z — +3/2 bands at k = 0, A Q ^> 
\e F \ ^> h, Jungwirth et al. 5] predict within the 4x4 
spherical Luttingcr model 
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Here the heavy hole mass rrihh is assumed to be much 
larger than the light hole mass mih, whereas <Jah be- 
comes by the factor of 2 4 / 3 greater in the opposite limit 
m-hh — m-ih- In the range h <C \e F \ <§C A Q the determined 
value of <J Ih IS positive, that is the coefficients of the nor- 
mal and anomalous Hall effects are expected to have the 
same sign. However, if the Fermi level were approached 
the split-off Tj band, a change of sign would occur. 

We have derived <J S J H from ChazalviePs formula 0] in 
the weak scattering limit (which is equivalent to Eq. 4 of 
Jungwirth et al. |a|), employing the known form of the 
heavy hole Bloch wave functions Ukj^ [15|. Neglecting a 
small effect of the spin splitting on the heavy hole wave 
functions, we find &ah ^° ^ e gi yen by the right hand side 
of Eq. 4 multiplied by the factor (16/9) In 2- 1/6 w 1.066. 

Obviously, the presence of the AHE makes a meaning- 
ful determination of the carrier type and density difficult 
in ferromagnetic semiconductors. Usually, the ordinary 
Hall effect dominates only in rather high magnetic fields 
or at temperatures several times larger than Tq- It ap- 
pears, therefore, that a careful experimental and theo- 
retical examination of the resistivity tensor in wide field 
and temperature ranges is necessary to separate charac- 
teristics of the spin and carrier subsystems. 
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FIG. 1: Magnetotransport properties of 200-nm thick film 
of Gai-^MrijjAs with x — 0.053 at 50 mK in high magnetic 
fields, (a) Hall resistance, which is a linear function of the 
magnetic field in the high- field region (inset), (b) Sheet resis- 
tance (after flr|'). 



COMPARISON BETWEEN THEORETICAL AND 
EXPERIMENTAL RESULTS: (GA,MN)AS 

As mentioned above, because of the dominance of 
the anomalous Hall term in wide temperature and field 
ranges, it is not straightforward to determine the carrier 
type and concentration in ferromagnetic semiconductors. 
Only at low temperatures and under very high fields, the 
anomalous Hall term saturates, so that the ordinary Hall 
coefficient can be determined from the remaining linear 
change of the Hall resistance in the magnetic field. Note 
that although magnetization saturates in relatively low 
magnetic fields, the negative MR usually persists, and 
generates the field dependence of the anomalous Hall co- 
efficient. 

Measurements of Rho,u at 50 mK in the field range of 
22-27 T on the sample with x = 0.053 revealed that the 
conduction is p-type, consistent with the acceptor char- 
acter of Mn, as shown in Fig. 1 [J^. The determined 
hole concentration is p = 3.5 x 10 20 cm -3 , about 30% of 
the Mn concentration. A similar value of the hole con- 
centration, which is almost independent of x, has been 
obtained from the Seebeck coefficient assuming a simple 
model of the valence band |J3 • If ai l Mn centers are act- 
ing as acceptors in the metallic sample described above, 
70% of them must have been compensated by donors. 
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FIG. 2: Temperature dependence of the Hall resistance 
RHaii for the same sample as in Fig. 1. The inset shows 
the temperature dependence of the sheet resistance Rsheet- 
(b) Temperature dependence of the saturation magnetiza- 
tion RHaii/ Rsheet obtained by using Arrott plots (closed cir- 
cles) and inverse susceptibility 1/RhciU (open circles), both 
from the transport data shown in (a). Solid lines depict 
[Rho,u/ Rsheet] and 1/Rho.u calculated assuming the mean- 
field Brillouin behavior for the Mn spin 5 = 5/2 and the 
Curie- Weiss law, respectively (after |2(|). 



The most natural candidates for these donors are As an- 
tisite defects, which act as deep donors in GaAs. Ac- 
cordingly, (Ga,Mn)As should become insulating at room 
temperature when the density of As antisites exceeds the 
density of shallow acceptors. Because the magnitudes 
of these densities are comparable and moreover fluctuate 
from run to run depending on subtleties of the growth 
conditions, we expect the overcompensation to occur oc- 
casionally. However, no such 'overcompensated' sample 
has been obtained so far. This seems to call for mech- 
anisms controlling the upper limit of the excess As con- 
centration and/or leading to selfcompensation of Mn but 
not to overcompensation. One candidate for the latter 
might be the Mn interstitial, which acts as the relevant 
compensating donor according to first principles calcula- 
tions and recent channeling studies . 

Figures 2 and 3 present a comparison of the Hall re- 
sistance Ruaii J20| and magnetization M from SQUID 
measurements 6] at various temperatures plotted as a 
function of the magnetic field for the same 200-nm thick 
Gao.947Mno.o53As film. The inset shows the tempera- 
ture dependence of Rsheet- A general similarity between 
Rho,u(T, H) and M(T, H) confirms that the contribution 
from the ordinary Hall term is rather small in the dis- 
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FIG. 3: Temperature dependence of magnetization for 200- 
nm thick Gai-^Mn^As with x — 0.053. Magnetic field is 
applied perpendicular to the sample surface (hard axis). In- 
set shows temperature dependence of remanent magnetization 
(0 T) and magnetization at 1 T in the field parallel to the film 
surface, (b) Temperature dependence of saturation magneti- 
zation Ms determined from the data shown in (a) by using 
the Arrott plots (closed circles). Open circles show inverse 
magnetic susceptibility and the Curie- Weiss fit is depicted by 
solid straight line (after [(J). 



played field and temperature range. If R s heet depends on 
temperature, a comparison of magnetization and magne- 
totransport data can serve to identify whether the skew- 
scattering or side-jump mechanism dominates. In par- 
ticular, since Rho.ii/ Rsheet ~ ^f' Arrott's plots can be 
employed to determine the temperature dependence of 
spontaneous magnetization Ms {T) — M(T,0). As shown 
in Fig. 2, the temperature dependence of Mg determined 
by the magnetotransport measurements assuming a = 1 
can be fitted rather well by the mean-held Brillouin func- 
tion [2(| . A different temperature dependence stems from 
direct magnetization measurements in a SQUID mag- 
netometer presented in Fig. 3 for the same sample 
Owing to an increase of Rsheet with temperature in this 
sample, Ms{T) determined by the two methods can be 
made somewhat closer by choosing a — 2. This may 
indicate that the side-jump mechanism dominates. The 
dependence M${T) determined by the SQUID measure- 
ments cannot be fitted by a simple Brillouin function, 
M s (T)/M s (0) = 1 - [T/TcV, where 7 = 5/2. Actu- 
ally, a less convex dependence, n < 5/2, is expected even 
within the MFA in magnetic semiconductors |2lj . 
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FIG. 4: Full numerical simulations of the anomalous hall con- 
ductivity a ah for GaAs host with hole densities p = 10 20 , 
(dotted lines), 2 x I0 20 (dashed lines), and 3.5 x 10 20 cnT 3 
(solid lines). Filled circle represents measured Hall conductiv- 
ity (Fig. 2). The saturation mean-field value of the splitting h 
between Fg heavy hole subbands was estimated from nominal 
sample parameters. Horizontal error bar corresponds to the 
experimental uncertainty of the p— d exchange integral. Ex- 
perimental hole density in the (Ga,Mn) As sample is 3.5 x 10 20 
cm" 3 (after 0). 



The findings presented above have been exploited by 
Jungwirth et al. to test their theory of the AHE. 
The results of such a comparison are shown in Fig. 4 |j| . 
There is a good agreement between the theoretical and 
experimental magnitude of the Hall conductivity. Impor- 
tantly, no significant contribution from the skew scatter- 
ing is expected for the (Ga,Mn)As sample in question, for 
which, according to Figs. 1-3, (Na+Nd)/p ~ 5, r s ~ 1.1, 
and kpi « 0.8, so that <J A 3 H /a A s H ~ 57- Finally, we note 
that the sign of the effect indicates that weak scattering 
limit lot 3> 1 is appropriate in the case under considera- 
tion. Obviously, however, further works are necessary to 
elucidate the role of intra- and inter-subband scattering 
processes in the physics of the side-jump mechanism. 

It is important to note that there exist several reasons 
causing that the Hall effect and direct magnetometry can 
provide different information on magnetization. Indeed, 
contrary to the standard magnetometry, the AHE does 
not provide information about the magnetization of the 
whole samples but only about its value in regions visited 
by the carriers. Near the metal-insulator boundary, es- 
pecially when the compensation is appreciable, the car- 
rier distribution is highly non-uniform. In the regions 
visited by the carriers the ferromagnetic interactions are 
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strong, whereas the remaining regions may remain para- 
magnetic. Under such conditions, magnetotransport and 
direct magnetic measurements will provide different mag- 
netization values • In particular, M5 at T — > 0, as 
seen by a direct magnetometry, can be much lower than 
that expected for a given value of the magnetic ion con- 
centration. High magnetic fields are then necessary to 
magnetize all localized spins. The corresponding field 
magnitude is expected to grow with the temperature and 
strength of antiferromagnetic interactions that dominate 
in the absence of the holes. 

Finally, we note that no clear indication of the pres- 
ence of MnAs clusters has been observed in the transport 
studies, even in the cases, where direct magnetization 
measurements detect their presence. One of possibili- 
ties is that the Schottky barrier formation around the 
MnAs clusters prevents their interaction with the carri- 
ers. Conversely, the presence of a clear influence of the 
magnetic subsystem onto transport properties (colossal 
magnetoresistance, anomalous Hall effect) can be taken 
as an evidence for the mutual interactions of the spins 
and the carriers. Such interactions are behind virtually 
all proposed applications of magnetic semiconductors. 
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FIG. 5: Hall resistivity versus magnetic field at different tem- 
peratures, from room temperature down to 1.7 K in metallic 
p-Zno.98iMno.oi9Te:N. The nonlinear temperature dependent 
component is assigned to the anomalous Hall effect, which 
strongly increases on approaching the ferromagnetic phase 
transition (after |2fljl. 



EXPERIMENTAL RESULTS: (ZN,MN)TE 

Figure 5 shows the Hall resistivity Rho.11 mea- 
sured at various temperatures for the highly doped 
Zn .98iMn .oi9Te:N sample |23j . The quoted hole con- 
centration is deduced from the slope of the room temper- 
ature Hall resistance. The dependence Rho.ii is linear in 
the magnetic field and temperature independent down to 
150 K. In the case of the p-ZnTe sample, this normal Hall 
effect RhoIIi linear in the field H and temperature inde- 
pendent, is observed down to 1.6 K. By contrast, in the 
case of p-Zni-^Mn^Te, when decreasing the temperature 
below 100 K, one observes first an increase of the slope 
of the Hall resistance, and then a strong non-linearity, 
which point to the presence of the anomalous Hall effect. 
As expected, no anomalous Hall effect has been detected 
in wide-gap n-type II- VI DMS At low temperature 
and high field, the Mn or the hole spin polarization satu- 
rate, and then the Hall resistivity exhibits again a linear 
dependence on the applied field, with the same slope as at 
room temperature. Thus, while the spin-dependent com- 
ponent is too large to allow us to determine the hole den- 
sity at low temperatures and in small fields, due to low 
Tc, its magnitude becomes negligibly small at room tem- 
perature, or at low-temperature in high fields. For these 
two cases, the slope of the Hall resistance was found to 
be identical, giving unambiguously the value of the hole 
density. 

In the case of less doped samples, it was possible to 
measure the Hall resistivity down to typically 10 K, with 
the same conclusions, i.e., (i) the normal Hall effect dom- 



inates at temperatures above 150 K; (ii) the Hall resis- 
tivity varies linearly with the magnetic field at low tem- 
perature in sufficiently large magnetic fields, and (iii) a 
strong spin-dependent component appears at weak mag- 
netic fields and at low temperatures, though its accurate 
determination in this region is hampered by the large 
value of the resistance and a strong magnetoresistance. 
As mentioned above, the Hall resistance provides direct 
information on the degree of spin polarization V of the 
carrier liquid. 

In Fig. 6, Pyx/Pxx — nB, i.e., the spin dependent Hall 
angle, is compared to the magnetization measured in a 
vibrating sample magnetometer [23j . The normal Hall 
angle pB = (j,p, H was subtracted assuming a constant 
hole mobility p i.e., assigning the conductivity changes 
entirely to variations in the hole concentration. This as- 
sumption is not crucial for the present highly doped sam- 
ple, but it proves to be less satisfactory for the less doped 
samples. As shown in Fig. 6, a reasonable agreement is 
found by taking, 

Pyx/p X x = \iB + QM/Ms, (5) 

where Ms is the saturation value of magnetization and 
= 0.04 is the adjustable parameter. For the sample in 
question, the maximum value of hole polarization, (p up — 
pdownyipup + tfioum^ has been estimated to be of the 

order of 10% 

We note that similarly to the case of (Ga,Mn)As, the 
sign and magnitude of the anomalous Hall coefficient sug- 
gests that the side jump mechanism in the weak scatter- 
ing limit is involved. We evaluate theoretically from 
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carrier concentration. Since the magnetic field orders 
the spins, negative magnetoresistance occurs, sometimes 
leading to the field-induced insulator-to-metal transition 
|25[ l27j. Deeply in the metallic phase, virtually all spins 
contribute to the ferromagnetic ordering. Critical scat- 
tering and the associated negative magnetoresistance are 
then observed However, as shown in Fig. 1, the neg- 
ative magnetoresistance hardly saturates, even in the ex- 
tremely strong magnetic fields. In order to explain this 
observation we note that the giant splitting of the va- 
lence band makes both spin-disorder and spin-orbit scat- 
tering relatively inefficient. Under such conditions, weak 
localization magnetoresistance can show up at low tem- 
peratures, where inelastic scattering ceases to operate. 
According to Kawabata [2sj |. 

Ap/p = -n v e 2 C p(eB/h) 1 / 2 /(27T 2 h), (6) 

where C « 0.605 and 1/2 < n v < 2 depending on 
whether one or all four hole subbands contribute to the 
charge transport. For the sample in question the above 
formula gives Ap/p = —0.1 for n v = 1 and 25 T, the 
value consistent with the experimental results in Fig. 1. 
Since the negative magnetoresistance takes over above 
Bi « 1 T, we can evaluate a lower limit for the spin-flip 
scattering time [3, |2^, ^J], t s > m * /(eBikpt) ~ 5 ps 
for m* = 0.7m o and kp£ = 0.8. 



FIG. 6: Comparison of the normalized anomalous Hall effect 
(lines) with the normalized magnetization M/Ms (crosses); 
from top to bottom: 1.7, 2.8, 4.2, 7, 10, 30, and 50 K; the 
data are shifted for clarity (after |23|h 

Eq. 4 by adopting parameters suitable for the sample in 
question, m^h — 0.6m o , p xx = 5 x 10~ 3 f2cm and the 
saturation value of the splitting h — 41 meV. This leads 
to <J S / H = 13.1 (ficm)^ 1 and Q SJ = 0.065, in a reason- 
able agreement with the experimental value = 0.04. 
Since a contribution from the light hole band will en- 
hance the theoretical value, we conclude that the present 
theory describes the anomalous hole effect within the fac- 
tor of about two. We note also that in contrast to earlier 
suggestions j^, not skew-scattering but the side-jump 
mechanism appears to give the dominant contribution to 
the AHE in p-(Zn,Mn)Te. However, as mentioned above, 
further theoretical work is needed to assess the role of 
hole scattering. 

MAGNETORESISTANCE 

There is a number of effects that can produce a siz- 
able magnetoresistance in magnetic semiconductors, es- 
pecially at the localization boundary |2d| . In particular, 
spin disorder scattering shifts the MIT towards higher 



SUMMARY 

Experimental results discussed above demonstrate the 
critical importance of the Hall effect in the assessment of 
the magnetic properties of III-V ferromagnetic semicon- 
ductors. Furthermore, they suggest that the side-jump 
mechanisms gives the dominant contribution for metal- 
lic samples, in which a comparison between theoretical 
expectations and experimental results is possible. Im- 
portantly, the theory discussed here explains the sign 
of the effect and, together with the results obtained by 
Jungwirth et al. , explains the magnitude of the Hall 
conductance. 

Importantly, such studies can also serve to detect a 
participation of the double exchange mechanism in the 
spin-spin interactions. This is because, the spin exci- 
tations associated with this coupling produce a strong 
temperature dependence of Rs near Tc 2]. We take 
the absence of a strong temperature dependence of Rs 
near Tc as an evidence for the minor importance of the 
double exchange in the studied systems. Conversely, a 
good agreement between the measured and calculated 
Hall coefficients, if confirmed by further investigations, 
will constitute an important support for basic assump- 
tions behind the Zener model [22j of ferromagnetism in 
this class of ferromagnetic semiconductors. 

Furthermore, the accumulated information on magne- 
toresistance points to significance of the spin-disorder 
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scattering as well as reveal various effects associated with 
the interplay between spin and localization phenomena, 
specific to doped diluted magnetic semiconductors in the 
vicinity of the metal-insulator transition. 
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